The low molecular weight threonine-resistant (class I) and the higher molecular weight threonine-sensitive (class II/III) isozymes of homoserine dehydrogenase (EC 1.1.1.3) isolated from Zea mays L. were shown to differ in stability during incubations in the presence of urea. Class II/III was inactivated by urea in a time-and concentration-dependent manner, with complete inactivation occurring within 24 hours at 5°C in 4.0 M urea. Under identical conditions, neither the activity nor the properties of class I were affected. Therefore, it was possible to estimate the amounts and properties of both maize isozymes in crude mixtures by measurements of enzyme activity before and after treatment with urea.
When shoots of etiolated seedlngs were extracted under optimum conditions, the resultant preparations contained about 16% class I and 84% class II/III. This distribution of isozymes, as well as the regulatory properties of class II/III, were constant during growth of the seedlings between 4 and 13 days. Enzyme preparations isolated from shoots of Ught-grown plants contained higher proportions of class I. The two isozymes were not uniformly distributed within leaves, as the basal meristematic region contained high levels of II/III and small amounts of I. During leaf maturation, the amount of II/III declined while the level of I remained constant or increased slightly. As a result, nearly half of the enzyme extracted from leaf tips was class I. The synthesis of specific members of the aspartate family of amino acids might be expected to differ when the ratio of threonine-sensitive to threonine-resistant homoserine dehydrogenase is altered. However, additional information on the subcellular localization and the catalytic characteristics of the two enzymes is required for evaluation of this possibility.
Multiple forms of homoserine dehydrogenase (EC 1.1.1.3) have been detected in almost every species of higher plant that has been examined (2) . Information gained from several studies suggests that most plants are characterized by the presence of two basic types of the enzyme, a low mol wt threonine-resistant form (class I, mol wt 70-80K) and a larger threonine-sensitive form which can exist as a dimer (mol wt 150-190K) or as a tetramer (mol wt 300-400K). The latter type of enzyme has been designated as class II/III to indicate the interconvertibility of forms which differ in mol wt (7) . Repeated attempts to dissociate II/III into a form possessing the physical and regulatory characteristics of class I have failed. However, the best evidence that these two classes of enzymes are genetically distinct isozymes is based on the observation of different subunit mol wt after electrophoresis under denaturing conditions (12) .
Homoserine dehydrogenase plays an important regulatory role 'Supported by National Science Foundation Grant PCM 7812202.
in the synthesis of nutritionally essential amino acids from aspartate (2) . The distribution of differently regulated isozymes is of interest since, under the appropriate conditions, the relative amounts of the two enzymes could influence the flux of carbon and nitrogen through different branches of the pathway. A high level of I could favor the synthesis of methionine, threonine, and isoleucine, whereas II/III could favor lysine biosynthesis (2) . Class I can readily be separated from class II/III during electrophoresis or column chromatography. Nevertheless, quantitative measurements of enzyme activity are difficult to obtain after electrophoresis, and chromatography is time consuming. Consequently, much of what is known about the relative distribution of the isozymes has been estimated from measurements of the inhibition of enzyme activity by threonine. A preparation which is highly sensitive to inhibition can be assumed to contain only a small amount of class I. However, under most assay conditions, II/III would not be totally inhibited and the amount of I would be overestimated. Evaluation of the composition of insensitive enzyme preparations is further complicated by the fact that class II/ III can be desensitized under a variety of conditions (3, 7) . In this report, we describe a simple procedure which permits quantitative estimates of the amounts and properties of both isozymes in crude preparations isolated from maize. Evidence that the distribution of the two forms is tissue-specific and that the relative proportion of class I increases during leaf maturation is also presented.
MATERIALS AND METHODS
Materials. Seeds of Zea mays L cv. Earliking were purchased from Stanford Seed Co., Buffalo, NY. Chemicals and reagents were the highest grade commercially available.
Plant Growth. Etiolated seedlings were grown as previously described (3, 10) . Shoots and internodes were harvested by excision at the coleoptilar and scutellar nodes, respectively. Nonetiolated plants were grown in vermiculite under ambient greenhouse conditions or in a growth chamber (3) . All plant material extending above the surface of the vermiculite was harvested and, for some experiments, subdivided prior to extraction.
Enzyme Extraction. Unless otherwise specified, the extraction medium was 50 mm K-phosphate containing 5.0 mM L-threonine, 1.0 mm EDTA, 10 mm DTE2 and 20%7o (v/v) glycerol (pH 7.5).
After measurements of fresh weight and size (3), the plant material was cut into 0.5 to 3.0 cm segments and extracted in 2.0 to 2. (3) and dialyzed for 17 h against at least 100 volumes of 50 mm K-phosphate containing 5.0 mM L-threonine, 1.0 mM EDTA, 20%o (v/v) glycerol, and 2.0 mM DTE (buffer LPD) or 1.4 mm 2-mercaptoethanol (buffer LP); both buffers were pH 7.5.
Enzyme Assays. All assays were performed in duplicate as previously described (3) . One unit of activity is defined as the amount of enzyme which produces an increase in Aw of 0.001/ min. Enzyme sensitivity is defined as the extent of inhibition when 10 mM L-threonine was included in the assay mixture. Protein was measured as previously described (1) .
Treatment with Urea. Enzyme preparations were treated by the addition of concentrated solutions of urea dissolved in LP buffer. The preparations were maintained at 5°C and small aliquots were added directly to assay mixtures after the desired period of incubation. Identical dilutions in LP buffer had no effect on the enzyme, nor were untreated enzymes affected by inclusion of the appropriate amounts of urea in assay mixtures.
RESULTS
Effects of Urea on Enzyme Activity. When partially purified preparations of maize homoserine dehydrogenase were treated with urea at concentrations above 3 M, two types of results were observed. Rapid inactivation which appeared to be biphasic occurred in all cases, but, with some enzyme preparations, small amounts of residual activity were detected after incubation for periods in excess of 48 h. The fact that small amounts of stable threonine-resistant enzyme activity were most commonly observed in less pure preparations suggested that low levels of class I were present. Therefore, purified preparations of I and II/III were independently treated with several concentrations of urea for 24 to 28 h (Fig. 1) . Class I proved to be extremely stable at all concentrations tested, whereas the stability of II/III decreased as a function of increasing urea concentration. Complete inactivation of II/III was achieved within 24 h with 4.0 M urea. Conversely, nearly all (96.6 ± 3.3%, n = 8) of the activity of class I was preserved under identical conditions. Furthermore, there was no evidence that I was altered during incubation with urea. For example, the ratio of NAD-to NADP-dependent activity of this isozyme was 0.63 before and after treatment (Table I) The effects of urea on the activity of purified isozymes of maize homoserine dehydrogenase. The enzymes were copurified during (NH4)2SO4 fractionation, DEAE-cellulose and 2',5'-ADP-agarose chromatography, and finally resolved during gel-filtration chromatography.
Each isozyme was incubated for 24 h at 5°C with the indicated concentrations of urea. The results are based on averages of two independent experiments in which NAD-and NADP-dependent activities were measured. The SEM of eight measurements is indicated. Class I and class II/III treated nor untreated preparations were significantly inhibited by threonine (see "Sensitivity," Table I) .
The foregoing results suggested that quantitative estimates of the amount of class I present in crude preparations might be obtained after treatment with urea. To establish whether class I could be recovered from crude mixtures, purified I was added to enzyme preparations derived from several types of plant material in ratios ranging from 1:10 to 1:50 (v/v) and the mixtures were treated with urea (Table I) . Parallel experiments were conducted without addition of the purified form in order to correct for any class I present in the crude preparations. In only one of the three experiments was less than total recovery of the purified form observed; and, in this case, the recovery was in excess of 90%. Analogous experiments using purified preparations of II/III provided additional evidence that only class I survived treatment with 4.0 M urea (Table I ). In two experiments, some activity (<2%) was observed after treatment. However, this activity was catalytically characteristic of class I (low ratios of NAD-to NADP-dependent activity) and was completely resistant to inhibition by threonine. Consequently, the residual activity is assumed to represent slight contamination of II/III with class I. The results of these addition experiments collectively indicate that crude enzyme preparations neither protect class II/III nor enhance the inactivation of class I during urea treatment.
As a final verification of the nature of the enzyme which remains after urea treatment, homoserine dehydrogenase was extracted from a large batch of light-grown plants and treated with 4.0 M urea for 24 h. The urea was removed by dialysis and repeated cycles of concentration and dilution through an Amicon filter. The properties of the resultant enzyme were characteristic of class I, indicating that II/III was not renatured upon removal Table  II , the ratio of NAD-to NADP-dependent activity measured after treatment is somewhat higher than that observed for purified class I (Table I) . However, the average value obtained from a large number of similar experiments was 0.64. The low sensitivity of the residual activity and the estimated characteristics of class II/ III are in good agreement with the results of analyses of the purified isozymes illustrated in Table I (Table III) . These results provide a plausible explanation of the previous observation that enzyme preparations isolated from such plant material were characterized by reduced sensitivity in comparison to those isolated from etiolated seedlings (3) . However, the possibility that other extraction conditions were required for optimum isolation of both isozymes remained. Additional experiments designed to maximize the yield of both forms from leaves of light-grown plants were carried out. These included use of protease substrates and inhibitors (p-tosyl-L-arginine methyl ester, 1.0 mM; L-l-tosylamide-2-phenylethylchloromethyl ketone, 1.0 mM; leupeptin, 50 ,tM; phenylmethylsulfonyl fluoride, 0.1 mM); a nonionic detergent (2-deoxycholate, 0.1%, w/w); BSA (0.2%, w/v), and polyvinylpolypyrrolidone (5.0% w/v) during extraction. None of the various conditions tested significantly improved the yield of either isozyme. 63.9 a The enzymic composition of the preparations is estimated by assuming that the activities measured after treatment are due exclusively to class I. The NAD-dependent velocity contribution of class I is increased by a factor of 2.17 to compensate for differences in fractional substrate saturation under the assay conditions utilized during these experiments (see text).
b The characteristics of class I are derived directly from the results after treatment. The velocity contributions of class I are subtracted from the measurements before treatment and the remainder utilized to estimate the characteristics of class II/III. Activity ratio = NAD-/NADP-dependent activity; sensitivity = % inhibition in the presence of 10 mM L-threonine under standard assay conditions. The amount of class I extracted from leaf tissue was, however, strongly dependent upon the concentration of DTE in the extraction medium ( Fig. 2A) . At least 10 mm were required for maximum yield of this isozyme, with less than half of the enzyme being isolated in the presence ofconcentrations below 2 mm. Diminished sensitivity of class II/III also was observed at low DTE concentrations (Fig. 2B) . However, protection of II/III from desensitization and the recovery of class I appear to differ quantitatively with respect to the requirement for dithiol, since complete protection of II/III was achieved in leaves with 5.0 mm.
In other experiments, leaves were extracted in media containing at least 10 mm DTE, the extract filtered through nylon, and the residue reextracted in the same or a different medium. Only 10 to 15% additional enzyme activity was obtained by reextraction. The enzymic composition of such preparations was similar to that obtained from the initial extraction. In one experiment, 22.4% of the enzyme isolated from the first extraction was class I, while that derived from reextraction contained 28.3%. We concluded that the present extraction conditions do not favor extraction of either isozyme and that the majority of extractable enzyme is being isolated from leaves.
Enzyme Distribution and Tissue Age. Given that leaves of lightgrown plants are characterized by high proportions of class I homoserine dehydrogenase in comparison to etiolated shoots, it remained to be established whether this isozyme was uniformly distributed within leaves. Plants grown for 18 days were harvested and cut into four portions of approximately equal length. The properties and composition of enzyme preparations isolated from each of these regions of the plants were then evaluated (Fig. 3) . A progressive decrease in enzyme sensitivity was observed in preparations derived from regions characterized by cells of increasing maturity (Fig. 3A) . Thus, enzyme isolated from leaf tips was 40 to 50%o less sensitive than that isolated from the basal meristematic region. To a large extent, the observed differences in sensitivity were due to changes in isozyme composition (Fig. 3B) . The proportion of class I in the basal region was even lower than that isolated from whole etiolated shoots, whereas class I approached 50%o of the total enzyme isolated from the apical region. There was also a slight progressive reduction in the sensitivity of class II/III (Fig. 3C) . However, this was not consistently observed. In most experiments in which plants were divided into two or three regions, the class II/III enzymes in all preparations were equally sensitive to inhibition by threonine.
To examine the differences between apical and basal regions of Plants were extracted in media containing the indicated concentration of DTE and the resultant enzyme preparations were analyzed as illustrated in Table II . In cases where at least three experiments were conducted under identical conditions, the SEM is indicated. A, amount of class I isolated as a percent of the total extracted enzyme. B, estimated sensitivity of class II/III to inhibition by threonine (see text). NAD-and NADPdependent activities are represented by filled and open circles, respectively. maize leaves in greater detail, shoots were divided into regions of approximately equal length and the relative distribution of both isozymes calculated (Table IV) . Slightly more than half of the extractable class I was located in the apical region, whereas only a small portion of class II/III was found in this region. This unequal distribution of the two isozymes results in young tissues being characterized by a low ratio of resistant/sensitive isozymes in comparison to the enzyme composition of older tissues. As judged by the total amounts of extractable enzymes, young tissues also have a comparatively high biosynthetic capability. Nevertheless, under many conditions much of this potential would not be expressed in the presence of even modest concentrations of threonine (9). Conversely, nearly half of the catalytic potential of mature tissues could be expressed in the presence of any concentration of threonine (compare the amounts of I and II/III in the apical region, Table IV ).
The results of several other experiments designed specifically to evaluate conditions required for optimum extraction of leaf tips did not alter the findings that mature leaf tissues contain less 
DISCUSSION
The present results provide the first quantitative estimates of the distribution of the threonine-resistant and threonine-sensitive isozymes of homoserine dehydrogenase among maize tissues. This was facilitated by the development of improved extraction conditions and by the marked differences in the stability of the isozymes during incubation in 4.0 M urea. Notably high proportions of class I were found in internodal tissue of etiolated shoots and in mature leaf tissue. The characteristically high level of II/ III found in young leaf tissue declines during development, whereas class I remains constant or increases slightly. Thus, the ratio of resistant to sensitive enzymes progressively decreased from 1:6 to 1:1 during leaf maturation. Although differential preservation of either isozyme during extraction cannot be completely ruled out, we have attempted to minimize this possibility by testing a number of different extraction conditions.
The in vivo contribution of the two isozymes will depend upon a number of factors including their subcellular localization as well as their catalytic and regulatory properties. Nevertheless, the metabolic role of class I may not be insignificant in tissues where this isozyme constitutes a substantial proportion of the total enzyme. Walter et al. (12) reported that the apparent catalytic constants of the maize isozymes are similar, and this has been confirmed by the initial results of steady state kinetic analyses (9). However, the kinetic properties of II/III are complicated by the apparent ability of this isozyme to exist in several catalytically distinct states (9).
The major difference between the two isozymes is clearly in their response to threonine. When homoserine dehydrogenase is sensitive to inhibition by threonine, the pathway products can be envisioned to be synthesized in a highly regulated temporal sequence (2). Thus, the high levels of II/III in young leaf tissue may facilitate the balanced production of amino acids during cell division and early growth. However, a potentially important consequence of the inhibition of homoserine dehydrogenase is to increase the availability of aspartic semialdehyde for lysine synthesis. Therefore, the presence of class I could tend to reduce lysine biosynthesis and facilitate the continued synthesis of threonine and possibly methionine and isoleucine. Although the metabolic function of such unbalanced synthesis of pathway products is currently obscure, it is consistent with several observations. The accumulation of threonine observed during studies with barley would not be expected if homoserine dehydrogenase was strongly inhibited (B. Miflin, personal communication). In the same context, the concentrations of threonine estimated to be present in maize chloroplasts (5) would essentially preclude catalysis by class II/III. Although both isozymes were detected in maize chloroplast preparations and in cytoplasmic fractions (4), the majority of the barley class I was considered to be in the cytoplasm (1 1). Therefore, additional information on the subcellular localization of the isozymes and analysis of their catalytic characteristics under conditions which could exist in vivo will be required to gain further insight into the complex regulation of the aspartate pathway of amino acid biosynthesis in plants.
